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SUMMARY 

Human induced pluripotent stem cells (hiPSCs) offer unique opportunities for developing novel cell-based therapies and 
disease modeling. In this study, we developed a directed differentiation method for hiPSCs toward corneal epithelial progenitor 
cells capable of terminal differentiation toward mature corneal epithelial-like cells. In order to improve the efficiency and reproducibility 
of our method, we replicated signaling cues active during ocular surface ectoderm development with the help of two small- 
molecule inhibitors in combination with basic fibroblast growth factor (bFGF) in serum-free and feeder-free conditions. First, small- 
molecule induction downregulated the expression of pluripotency markers while upregulating several transcription factors essential 
for normal eye development. Second, protein expression of the corneal epithelial progenitor marker p63 was greatly enhanced, with 
up to 95% of cells being p63 positive after 5 weeks of differentiation. Third, corneal epithelial-like cells were obtained upon further 
maturation. 



INTRODUCTION 

The cornea is a multilayered, transparent, and avascular 
structure forming the anterior part of the eye. Its outermost 
layer, the corneal epithelium, is exposed to the external 
environment and thereby needs to be rapidly regenerating 
and stratified. It is renewed by limbal stem cells, a type of 
tissue-specific stem cell located in specialized niche areas 
in the corneoscleral junction called limbus (Echevarria 
and Di Girolamo, 2011). Diseases affecting the cornea are 
a major cause of blindness worldwide and one of the 
leading causes of vision loss after cataract, with nearly 
70% of corneal blindness being due to limbal stem cell 
deficiency (LSCD) — a disease characterized by abnormal 
corneal epithelial maintenance, resulting in conjunctivali- 
zation of the corneal surface (Ahmad, 2012). LSCD may be 
caused by acute trauma, such as chemical or thermal injury, 
or various chronic or genetic conditions (Notara et al., 
2010; Osei-Bempong et al., 2013). Several different surgical 
techniques have been implemented to treat LSCD. One 
approach is to use cultivated limbal epithelial trans- 
plantation (CLET). However, this method is only possible 
if enough healthy limbal tissue is available, and long- 
term results show a considerable amount of variation in 
success rates. This is especially true in case of allogeneic 
transplantation, which also requires the use of long-term 
systemic immunosuppression (Baylis et al., 2011). 

In search of novel therapies for corneal disorders, 
alternative cell sources have been investigated, including 



hair-follicle stem cells, mesenchymal stem cells, and 
umbilical-cord-lining stem cells (Blazejewska et al., 2009; 
Reinshagen et al., 2011; Reza et al., 2011). One of the tech- 
niques enabling the use of autologous cells, cultivated oral 
mucosal epithelial transplantation (COMET), has been 
extensively studied, giving promising results for stabiliza- 
tion of the ocular surface. Generally, the main problems 
with COMET, as with CLET, include variation in success 
rates, use of serum and animal-derived materials in the 
culture protocols, and peripheral corneal neovasculariza- 
tion (Chen et al., 2009a, 2012; Hirayama et al., 2012; Kolli 
et al., 2010; Nishida et al., 2004; Satake et al., 2011; 
Sotozono et al., 2013). Thus, it is important to further 
develop functional cell-based modes of treatment for 
corneal defects. 

Human pluripotent stem cells (hPSCs) have a wider 
differentiation potential than tissue-specific stem cells, 
providing an unlimited source of cells. Human induced 
pluripotent stem cells (hiPSCs) in particular provide 
exciting new possibilities in the field of personalized 
medicine and disease modeling (Takahashi et al., 
2007). The first study to successfully differentiate corneal 
epithelial-like cells from hPSCs used medium conditioned 
by limbal fibroblasts as a way of replicating the corneal 
stem cell niche (Ahmad et al., 2007). Since then, a few other 
studies have been published, all relying on various unde- 
fined or animal-derived components, such as feeder cells, 
amniotic membrane, or conditioned medium, alone or in 
combinations (Hanson et al., 2013; Hayashi et al., 2012; 
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Figure 1. Schematic Outline of the Study 

The culture conditions, duration for each stage, and main analyses 
are shown. The asterisk (*) represents the control. All analyses were 
carried out on adherent cultures, except d4 qPCR, for which cell 
aggregates were used. Endpoint analyses included qualitative 
and quantitative immunocytochemistry and qPCR. IF, immunoflu- 
orescence; PSC, pluripotent stem cell; SM, supplemented medium; 
UM, unsupplemented medium. 

Hewitt et al., 2009; Shalom-Feuerstein et al., 2012). Using 
denned differentiation conditions free from animal- 
derived products and serum would diminish batch-to- 
batch variation, thereby minimizing the potential risk of 
animal pathogen transmission, immune reactions, and 
graft rejection (Kaur et al., 2013; Martin et al., 2005). 
Consequently, the repeatability and consistency of differ- 
entiation, as well as the safe use of the resulting cell popu- 
lations in patients, would improve. 

In this study we developed a directed two-stage differen- 
tiation protocol for hiPSCs, without the use of feeder cells 
or serum. To do so, we replicated early developmental 
mechanisms by blocking the transforming growth factor 
3 (TGF-fS) and Wnt- signaling pathways with small- 
molecule inhibitors and activating fibroblast growth factor 
(FGF) signaling. We used this method to generate relatively 
pure populations of corneal epithelial-like progenitor cells 
capable of terminal differentiation toward mature corneal 
epithelial-like cells. 

RESULTS 

Inhibition of TGF-P and Wnt Signaling Together 
with FGF Activation Directs hiPSC Differentiation 
by Downregulating Pluripotency Markers and 
Upregulating Transcription Factors Active during 
Early Eye Development 

The experimental design of this study is schematically 
presented in Figure 1. Differentiation of hiPSCs was 



initiated in suspension culture in one of the three induc- 
tion media: commercial CnT-30 corneal epithelium 
medium; RegES~ medium supplemented with TGF-P inhib- 
itor SB-505124, Wnt inhibitor IWP-2, and bFGF (SM); or 
the unsupplemented RegES~ medium (UM). To study the 
effects of induction medium on early stage differentiation, 
expression of several genes was studied using quantitative 
PCR (qPCR). After the 4-day induction period in suspen- 
sion culture, expression of the undifferentiated stem cell 
markers OCT4, NANOG, SOX2, and c-MYC decreased in 
all conditions (Figure 2A). This was coupled with an 
increase in the expression of several genes important for 
eye development generally and corneal development in 
particular, namely PAX6, PITX2, BMP4, and FOX1 (Fig- 
ure 2B). The downregulation of OCT4, NANOG, c-MYC, 
and PAX6 was significantly more pronounced in cells that 
had undergone induction in SM as compared to induction 
in CnT-30 medium or UM (p < 0.05; determined with 
Mann-Whitney U tests), suggesting higher extent of differ- 
entiation under these conditions. Relative gene expression 
of OCT4 and PAX6 was also analyzed for four additional cell 
lines, showing the same expression patterns, with varying 
orders of magnitude (Figure SI available online). 

Corneal Epithelial-like Cells Possessing Appropriate 
Cell Morphology and Protein Expression Are Obtained 
via Directed Differentiation of hiPSCs 
After the 4-day induction period in suspension culture, cell 
aggregates were plated down onto collagen-IV-coated well- 
plates for further differentiation in adherent culture using 
CnT-30 corneal epithelium medium. Additionally, UM 
was used as control in order to assess the efficiency of spon- 
taneous differentiation. The propensity of cell aggregates to 
attach to collagen-IV-coated well-plates was quantified 
after 3 days in adherent culture, with clear differences 
between the culture conditions (Figure 2C). The highest 
degree of adhesion was observed after induction with SM, 
with around 80% of cell aggregates attaching (p < 0.005; 
determined with one-way ANOVA). Similar yet less 
prominent differences in adhesion were observed between 
culture conditions for an additional hiPSC line (Figure SI). 

Cell outgrowths from the attached aggregates were 
observed already at the day 7 time point, possessing pre- 
dominately fibroblast-like cell morphology regardless 
of the induction medium (Figure 3). Cells maturated 
in CnT-30 medium obtained a polygonal epithelial 
morphology with a certain degree of stratification observed 
at the endpoint of the study (Figures 3A-3C). Differences 
between conditions became clearer upon reaching conflu- 
ency. Specifically, cells that had undergone induction in 
SM were fastest to reach confluency and therefore stratified 
the most (Figure 3B). On the other hand, cells differen- 
tiated under spontaneous conditions in UM (control) 
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Figure 2. Small-Molecule Induction Enhances Early Stage 
Differentiation 

(A and B) Relative gene expression levels of pluripotency markers 

(A) and transcription factors involved in early eye development 

(B) after the 4-day induction stage. 

(C) Ratios of cell aggregates attached to coLlagen-IV-coated 
substrate at day 7. Statistical significance determined using one- 
way AN0VA (***p < 0.005). 



proliferated rapidly, but their morphology was very hetero- 
geneous, with mostly elongated and fibroblast-like cells 
forming thick layers (Figure 3D). Differentiation under 
spontaneous conditions was therefore not sufficient for 
the generation of corneal epithelial-like cells within the 
timeframe of the study. Moreover, areas of pigmented cells 
resembling retinal pigment epithelium (RPE) were often 
observed under spontaneous differentiation conditions, 
as expected based on the fact that RPE differentiation is 
fairly efficient in spontaneous conditions (Vaajasaari 
et al., 2011; Schwartz et al., 2012). In accordance with 
our results regarding the efficiency and precision of our 
differentiation protocol, cell cultures maturated in CnT- 
30 medium did not yield RPE-like cells. 

To verify that differentiation was progressing toward 
corneal epithelium, cells were analyzed with immunocyto- 
chemistry at several time points during differentiation (see 
Figures S2A and S2B for staining verification of key markers 
using human corneal epithelial cell line). After 20 days in 
differentiation culture, cells maturated in CnT-30 medium 
expressed PAX6, but not OCT4 (Figure 4A). Moreover, 
corneal epithelial progenitor marker p63 was coexpressed 
with Ki67, a marker of proliferating cells (Figure 4B). The 
putative corneal epithelial progenitor markers CK15, ATP- 
binding cassette subfamily G member 2 (ABCG2), and des- 
moglein 3 (DG-3) were also expressed at this time point 
(Figures 4C and 4D). Notably, p63 and CK15 were coex- 
pressed in most cells (Figure 4C). Expression of proteins 
specific to terminally differentiated corneal epithelium, 
namely cytokeratins 3 and 12, was also detected already 
at this time point, especially in cells that had undergone 
induction in SM (Figures 4E and S2). Conversely, cells 
that were differentiated under spontaneous conditions in 
UM (control) did not express any of the abovementioned 
corneal epithelial markers (Figure S2E). Cell morphology 
and protein expression were assessed for all studied cell 
lines, with similar results (Figure SI). 

Furthermore, cells that had undergone SM induction were 
chosen to be subjected to a small-scale stratification assay. 
After 1 week of culture at the air-liquid interface, cell strati- 
fication was induced to a certain extent, with two clearly 
separate cell layers obtained, and CK12 expression limited 
to the apical surface of the construct (Figure S3). 

Small-Molecule Induction Improves Corneal 
Epithelial Differentiation Efficiency and 
Reproducibility 

Protein expression of the commonly used corneal epithe- 
lial progenitor marker p63 was analyzed at 10-day intervals 

Data represent the mean ± SD from three independent biological 
replicates. UD, undifferentiated. See Figure SI for gene expression 
in four additional cell lines. 
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Figure 3. Cell Morphology at Different 
Stages of Differentiation 

Representative images of cells cultured in 
CnT-30 medium after induction with CnT-30 
(A), SM (B), or UM (C) and under sponta- 
neous culture conditions in UM (D). 
White scale bars represent 100 pm and black 
scale bar represents 25 pm. See Figure SI for 
representative images of four additional 
cell lines. 



by means of immunofluorescent staining. The first of the 
three time points was after 6 days in adherent culture, a 
total of 10 days in differentiation culture, giving the cell 
aggregates time to properly adhere to the collagen-IV- 
coated substrate. The next time point was at day 20 and 
the last one at day 30. Expression of p63 was not detected 
in control cells cultured under spontaneous conditions in 
UM throughout the course of the study (Figure 5A). 

Cells maturated in CnT-30 medium expressed p63 at 
each time point, and expression levels were clearly affected 
by the induction medium (Figure 5A). In order to quantify 
the differences between the culture conditions, amounts of 
p63-positive cells were counted at each time point (Fig- 
ure 5B). After induction with CnT-30, the number of p63- 
positive cells varied between biological replicates, masking 



the overall differences between time points. In contrast, 
after induction with SM, the number of p63-positive cells 
increased with time, roughly by 40% from day 10 to day 
30 (p = 0.034), with less variation between biological repli- 
cates. Induction with UM proved to be less efficient in pro- 
ducing p63-positive cells, even upon maturation in CnT-30 
medium, with an average of around 25%-35% of cells 
being p63 positive. Protein expression of p63 was also 
analyzed for an additional hiPSC line, showing less promi- 
nent differences between culture conditions, with the least 
interreplicate variation for the SM condition (Figure SI). 

Based on the DAPI staining, total numbers of cells were 
determined at each time point to assess cell proliferation 
overtime (Figure 5C). Regardless of the induction medium, 
a slight decrease in cell numbers was observed at day 20, 



222 Stem Cell Reports Vol. 2 | 2 1 9-23 I | February I 1 , 20 1 4 ©20 1 4 The Authors 



Stem Cell Reports 

Human-iPSC-Derived Corneal Epithelial Cells 



PAX6 

* • *•• f 


0CT4 


DAPI'" 

■ • / * . • *•• • 

. . ••••«• * 
*•••• • » 
, • • * • ■ 


Merged 

• • • • • • • % 

m * • • • 

• ••. '< 

• • *• • * ^ 


Ki67 

• • 

«•• - • • 

• l . . 

' * • • . 


poo # . • 
- • *. . • 

• • 

t • • 


DAPI 

/- • 

*« - • • • 


Merged • 
. " *. • • 

• •• • 

•»•••.• 
• ■ •*''%* * 


CK15 . 


• • 


)API 

. • . - '* 
♦ \ - * * 

• • « 


Merged 

• • 
*• • 


ABCG2 ^' 

1 

* * 

• 


Merged 4 % 

* ^% # 
* * • 


DG-3 


Merged % 


CK3 

* 




DAPI. 

% » • 1 


Merged 

* !*; * * 

* ** vV 



Figure 4. Protein Expression during 
Differentiation of Corneal Epithelial- 
Like Cells 

(A-E) Representative images of cells 
cuLtured in CnT-30, after induction with SM. 
After a total of 20 days in differentiation 
culture, cells expressed PAX6, but not the 
pluripotency marker 0CT4 (A). Several 
putative corneal epithelial progenitor 
markers (B-D), as well as the two markers of 
terminally differentiated corneal epithe- 
lium (E), were expressed at this time point. 
The scale bars represent 50 u.m. 
See Figure SI for representative images of 
an additional cell line. See Figure S2 for 
controL stainings of p63, CK15, CK3, and 
CK12 and for representative images of 
HEL24.3 cell line cultured in the remaining 
test conditions. See Figure S3 for the 
stratification assay demonstrating that 
hiPSC-derived corneal epithelial cells have 
the capability for terminal differentiation. 



increasing again by day 30. The differences between culture 
conditions were negligible, with roughly similar cell 
numbers at each time point. 

Because induction medium affected the subsequent yield 
of p63-positive epithelial progenitor cells, expression of 
several corneal epithelial markers was studied also at the 
endpoint of the study. After a total of 44 days in differenti- 
ation culture, gene expression of pluripotency markers, 
early eye development transcription factors, and key 
markers of the corneal epithelium were analyzed using 
qPCR. The pluripotency markers OCT4, NANOG, and 
SOX2 were downregulated in all culture conditions (Fig- 
ure 6A). Expression of PAX6 was highly upregulated, and 
changes in expression of PITX2, BMP4, and FOX1 were 
minor (Figure 6B). Expression levels oip63 were similar in 
all three study conditions, whereas CK15, CK3, and CK12 
were expressed at a higher level after induction with SM 



(Figure 6C). When compared to the native human corneal 
tissue, expression levels oip63 and CK15 were similar, but 
both CK3 and CK12 were expressed at much higher levels 
in the primary tissue. To confirm the results of the gene 
expression analysis, the four corneal epithelial markers 
were analyzed on the protein level using immunofluores- 
cently stained cytospin samples (Figures 6D and 6E). 
Expression of all four proteins was affected by the induc- 
tion medium, with consistently highest amounts of posi- 
tive cells obtained after induction with SM. The same trend 
was observed in each of the separate biological replicates 
and on average. As evidenced by double stainings, p63 
and CK3 were for the most part mutually exclusive, 
whereas cytokeratins 15 and 12 were often coexpressed. 
Expression of these four proteins was negligible in control 
cells cultured under spontaneous conditions in UM (data 
not shown). 
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Figure 5. Corneal Epithelial Progenitor 
Marker p63 Expression Over Time in 
Different Culture Conditions 

(A) Representative images taken at day 30 
in different culture conditions (DAPI = 
blue). The scale bars represent 25 pm. 

(B) Expression of p63 was quantified from 
four separate biological replicates at 10-day 
intervals. 

(C) Cell proliferation was assessed via cell 
counting from four separate biological 
replicates at 10-day intervals. Data repre- 
sent the mean ± SD from independent 
biological replicates. 
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DISCUSSION 

In this study, we chose to examine the effects of a combi- 
nation of two small-molecule inhibitors, SB-505124 and 
IWP-2, together with FGF, on differentiation of hiPSCs 
toward eye precursors and further toward corneal epithe- 
lial cells. During embryogenesis, corneal epithelium origi- 
nates from the head/ocular surface ectoderm (Collomb 
et al., 2013; Wolosin et al., 2004). Although many of the 
developmental mechanisms and signaling routes remain 
elusive, it is known that blocking TGF-P/Nodal and 
Wnt/3-catenin-signaling pathways is required for head/ 
ocular surface ectoderm development (Arkell and Tarn, 
2012; Dupont et al., 2005; Fuhrmann, 2008; Gage et al., 
2008). Ectodermal placodes play a major part in the devel- 
opment of vertebrate cranial sensory organs and have 
been shown to emerge from a common preplacodal 
region (Streit, 2007). Preplacode induction in the naive 
ectoderm is promoted by a combination of FGF expres- 
sion together with Wnt and bone morphogenetic protein 
(BMP) antagonists (Litsiou et al., 2005). Replication of 
these developmental cues by first blocking BMP signaling 
with Noggin to induce ectoderm formation, followed by 
activation of FGF signaling, was shown to initiate lens- 
progenitor cell differentiation from hESCs under chemi- 
cally defined culture conditions (Yang et al., 2010). In a 
recently published study, a small-molecule inhibitor of 
the Src family kinases was shown to promote simple 
epithelial differentiation of hPSCs by downregulating 
canonical Wnt signaling (Lian et al., 2013a). Moreover, 
there is recent evidence showing that small-molecule 
inhibition of the TGF-P- signaling pathway improves 
ectodermal differentiation of hiPSCs (Shalom-Feuerstein 
et al., 2013). 



It has been previously confirmed that SB-505124 selec- 
tively inhibits TGF-P and activin signaling more efficiently 
than its analog SB-431542 (DaCosta Byfield et al., 2004), 
which has been shown to induce neural differentiation 
when used in combination with Noggin (Chambers et al., 
2009). IWP-2, on the other hand, functions as an inhibitor 
of the canonical Wnt pathway (Chen et al., 2009b) and was 
shown to induce cardiomyocyte differentiation when 
applied following a pretreatment with glycogen synthase 
kinase 3 inhibitor (Lian et al., 2013b). In our study, the 
initial induction of differentiation in the presence of these 
two factors, together with FGF, upregulated the expression 
of transcription factors active during early eye develop- 
ment, namely PAX6, PITX2, BMP4, and FOX1. Meanwhile, 
expression of the pluripotency markers OCT4, NANOG, 
SOX2, and c-MYC was downregulated. More importantly, 
the use of SB-505124, IWP-2, and bFGF during the induc- 
tion stage of the protocol (SM condition) improved overall 
yields of p63-positive cells in each of the separate biological 
replicates when compared to induction without these fac- 
tors (UM followed by maturation in CnT-30 medium). 
Expression of p63 peaked at the 30-day time point when 
up to 95% of the cells in SM condition were p63 positive 
and decreased to an average of 70% by the endpoint of 
the study (day 44). In the UM condition, the number of 
cells expressing p63 continued to increase to some extent 
after the 30-day time point, and by the endpoint of the 
study, approximately 60% of cells were p63 positive. In 
other words, corneal epithelial differentiation had pro- 
gressed further in SM condition, marked by decreasing 
expression of p63 and increasing expression of CK3 and 
CK12, whereas differentiation in UM condition was less 
efficient in the given time frame. In contrast, differentia- 
tion under spontaneous conditions (in UM throughout 
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Figure 6. Expression of Key Markers at the Endpoint of the Study 

(A-C) Relative gene expression Levels of the pLuripotency markers (A), transcription factors active during early eye development (B), and 
key corneal epithelial markers (C) after 44 days in differentiation culture. Data represent the mean + SD from three independent biologicaL 
replicates. CE, corneal epithelium. 

(D and E) Cells positive for each corneal epithelial marker were quantified through immunostaining of cytospin samples. Separate 
biological replicates are presented in gray, and their mean in black. The scale bars represent 50 u.m. 



the course of the study) was not sufficient for generation of proliferation rates, because p63 was shown to be expressed 
p63-positive cells. Furthermore, even though there were no in most cells that had undergone induction with SM, 
significant differences between conditions with regard to these p63-positive cells are likely the ones proliferating. 
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In contrast, there seem to be other proliferating cell types 
present in the other culture conditions besides the p63- 
positive cells. 

Although an entirely specific marker for corneal epithe- 
lial progenitor cells is yet to be identified, transcription fac- 
tor p63, especially its isoform ANp63a, has been linked to 
sternness and is highly expressed in the basal layers of the 
corneal epithelium and in the limbus (Kawasaki et al., 
2006; Robertson et al., 2008). Mutations in p63 cause 
severe abnormalities, such as syndromes of ectodermal 
dysplasia affecting various ectodermal tissues, including 
the cornea (Shalom-Feuerstein et al., 2013), highlighting 
the importance of this transcription factor for proper 
corneal development. More importantly, p63 expression 
also appears to be clinically relevant, as it was discovered 
that cell cultures used for limbal stem cell transplantation 
containing more than 3% of p63-positive cells were associ- 
ated with a 78% success rate, whereas transplants contain- 
ing 3% or less p63-positive cells were successful in only 
11% of patients with LSCD (Rama et al., 2010). To this 
respect, the high differentiation rate of p63 -positive cells 
obtained with our protocol could be sufficient to gain 
good success rate in clinical applications. 

In our study, the adhesion to collagen-IV-coated sub- 
strate was significantly improved upon induction with 
SM. The ability to attach to collagen IV is considered to 
be important for epithelial cells, and several previously 
published differentiation studies have used this character- 
istic for selection of epithelial progenitor cells from limbal 
epithelial cell populations and, to a lesser extent, from 
differentiating pluripotent stem cells (Bian et al., 2010; 
Homma et al., 2004; Kumagai et al., 2010; Li et al., 2005). 
In addition, it has been shown that p63 is important for 
cell adhesion and migration in various epithelial cell 
lineages, including corneal epithelial cells (Carroll et al., 
2006). Therefore, the high adhesion rate to collagen-IV- 
coated substrate observed in our study might be at least 
in part due to high expression of p63 after induction 
with SM. 

To further verify the corneal progenitor state of cells 
maturated in CnT-30 medium after induction with SM, 
we confirmed the protein expression of ABCG2, CK15, 
and DG-3. These proteins have been previously established 
as putative progenitor markers of the corneal epithelium 
(Chen et al., 2004; Davies et al., 2009; Nieto-Miguel et al., 
2011; Ordonez and Di Girolamo, 2012; Schlotzer- 
Schrehardt et al., 2007; Takacs et al., 2009). In addition, 
cells differentiated under these conditions expressed the 
proliferation marker Ki67, whereas expression of the 
pluripotency marker OCT4 was not detected. Finally, 
expression of PAX6 is important all throughout corneal 
epithelial differentiation, due to its action as a coactivator 
of the CK12 gene (Collomb et al., 2013). Overall, this 



expression profile confirms the epithelial and proliferative 
nature of the cells in question. 

Upon further differentiation, corneal epithelial-like cells 
were obtained, possessing the appropriate cell morphology 
and expressing proteins specific to corneal epithelium. 
Expression of cytokeratins 3 and 12 serves to distinguish 
terminally differentiated corneal epithelium from the 
epidermis and other mucosal epithelia (Davies and Di 
Girolamo, 2010; Kurpakus et al., 1994; Tanifuji-Terai 
et al., 2006). Coexpression of CK15 and CK12 was often 
observed, suggesting these cells are less mature yet 
committed to terminal differentiation toward corneal 
epithelium. In order to improve the yields of mature 
corneal epithelial cells and to obtain a stratified cell sheet 
resembling the native corneal epithelium, a consistent 
and efficient stratification method would need to be 
employed. For instance, air-liquid interface culture has 
been shown to promote stratification of corneal epithelial 
cells in vitro (Ban et al., 2003; Ilmarinen et al., 2013; 
Toropainen et al., 2001). In our preliminary tests, we did 
observe a certain degree of uniform stratification after 
1 week of cell culture at the air-liquid interface, supporting 
the conclusion that these cells are able to mature toward 
terminally differentiated and stratifying corneal epithelial 
cells. Further optimization of variables, such as the expo- 
sure time and medium supplementation, remains to be 
carried out if aiming for transplantation of fully maturated 
corneal epithelial sheets rather than cells at the progenitor 
stage capable of proliferating and differentiating on site. 

Differentiation of corneal epithelial cells from hPSCs has 
proven to be rather challenging, with most of the 
previously published studies relying on the use of unde- 
fined factors, such as conditioned medium, PA6 feeder 
cells, Bowman's membrane, or amniotic membrane 
(Ahmad et al., 2007; Hanson et al., 2013; Hayashi et al., 
2012; Hewitt et al., 2009; Shalom-Feuerstein et al., 2012). 
The few studies carried out in more defined conditions 
have been focused on differentiation of epithelial progeni- 
tor cell populations expressing CK14 (Metallo et al., 2008), 
CK14 and p63 (Sakurai et al., 201 1), or CK8 and CK18 (Lian 
et al., 2013a). In general, the success in differentiation of 
p63-positive corneal epithelial progenitor cells has not 
been thoroughly examined or quantified, mainly concen- 
trating on qualitative analysis methods. Moreover, these 
studies have been fairly unsuccessful in obtaining mature 
corneal epithelial-like cells expressing terminal differentia- 
tion markers CK3 and CK12. For instance, Lian et al. 
(2013a) describe a differentiation method yielding 90.7% 
CK14-positive cells within 2 weeks of differentiation, yet 
only 4.78% of these cells were found to express CK3, and 
Sakurai et al. (2011) reported colonies containing cells 
positive for p63 and CK14 within 5 weeks of differentia- 
tion. To this respect, our differentiation method is highly 
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efficient and consistent, giving rise to corneal epithelial- 
like cells within a relatively short time frame of 6 weeks. 
It is not uncommon to detect variation in differentiation 
propensity among different hiPSC and hESC lines (Osafune 
et al., 2008; Toivonen et al., 2013), with donor identity and 
gender being among potential sources of variation in the 
case of hiPSC lines (Boulting et al., 2011). Therefore, to 
further verify the efficacy of the differentiation method, 
two additional hiPSC lines (FiPS 5-7 and A116; Rajala 
et al, 2010; Toivonen et al., 2013) and three hESC lines 
(Regea08/017, Regea08/023, and Regeal 1/013; Skottman, 
2010) were also tested to a lesser extent, in terms of 
appropriate cell morphology, gene, and protein expression, 
confirming our results. 

Last, but not least, the differentiation method described 
here can be refined to be fully defined and xeno-free by 
substituting human serum albumin (HSA) present in 
RegES~ medium with recombinant HSA (He et al., 2011) 
and using a higher certificate, xeno-free version of CnT- 
30 medium (CELLnTEC Advanced Cell Systems AG). These 
modifications would make the protocol more compliant to 
good manufacturing practice standards, providing a more 
valuable approach for possible clinical applications in the 
future. 

In conclusion, the present study describes an efficient 
method for differentiating human pluripotent stem 
cells toward homogeneous populations of p63-positive 
epithelial cells, which have the potential of differentiating 
further toward mature corneal epithelial-like cells. With 
minor modifications, this method could be carried out in 
fully defined and xeno-free conditions, improving its 
reliability and the safety of resulting cell populations. 
Moreover, novel human cell-based tissue models could be 
developed for accurate, personalized, and reliable drug 
discovery for treating corneal diseases. 

EXPERIMENTAL PROCEDURES 

Corneal Epithelial Differentiation 

The experimental design of this study is schematically presented in 
Figure 1. To initiate corneal epithelial differentiation of hiPSCs, 
undifferentiated colonies were manually dissected and transferred 
to suspension culture in 6-well plates (Corning Ultra-Low Attach- 
ment; Corning Life Sciences). Cells were cultured as three-dimen- 
sional cell aggregates for 4 days, changing the culture medium 
daily. This induction phase was carried out in one of three culture 
conditions: ( 1 ) CnT-30 condition, using the commercially available 
denned and serum-free CnT-30 corneal epithelium medium 
(CELLnTEC Advanced Cell Systems AG) supplemented with the 
appropriate supplements provided with the medium and 50 U/ml 
penicillin/streptomycin; (2) UM condition, using the serum-free 
and xeno-free RegES~ medium originally developed for the culture 
of undifferentiated stem cells (Rajala et al., 2010), but modified 
by omitting retinol, bFGF, and activin A; or (3) SM condition, 



using RegES~ medium supplemented with 10 uM SB-505124 
(catalog number S4696; Sigma-Aldrich), 10 uM IWP-2 (catalog 
number 681671; Merck) and 50 ng/ml human bFGF(PeproTech). 
For the full composition of the media, see Table SI. 

After the 4-day induction period, cell aggregates were plated onto 
cell culture substrate coated with human placental collagen IV 
(5 ug/cm 2 ; catalog number C5533; Sigma-Aldrich) at a density of 
about 50 aggregates/cm 2 . Either 24-well plates (Corning CellBIND) 
or 24-well hanging cell culture inserts (Merck Millipore; 1 urn pore 
size) were used. Cells were maintained in adherent culture for 40 
more days in CnT-30 medium, replacing the culture medium three 
times a week. Additionally, spontaneous differentiation was tested 
with culture in unsupplemented RegES~ medium throughout the 
course of the study — both in suspension and adherent stages. 
This condition is referred to as UM (control). Three days after 
plating the aggregates onto 24-well plates, a total of 7 days in 
differentiation culture, the adhesion ratios were quantified in 
each of the culture conditions. Cell growth on 24-well plates and 
cell-culture inserts was regularly monitored under Nikon Eclipse 
TE2000-S phase contrast microscope (Nikon Instruments Europe). 

Corneal epithelial cell stratification was assessed for the most 
promising of the tested culture conditions. After 4 to 5 weeks of 
differentiation on cell-culture inserts, stratification was induced 
by aspirating the medium from inside the insert. Cells were 
cultured at the air-liquid interface for 1 week, replacing the 
medium beneath the inserts daily with fresh CnT-30 medium. 

qPCR 

Total RNA was extracted from undifferentiated hiPSCs from cell 
aggregates collected after the 4-day induction phase and from 
adherent cultures after 44 days of differentiation, using 
NucleoSpin RNA II kit (Macherey-Nagel). Additionally, RNA 
was extracted from native human corneal epithelium, isolated 
as described in the Supplemental Experimental Procedures. 
RNA concentration of each sample was determined using 
NanoDrop-1000 spectrophotometer (NanoDrop Technologies). 
From each RNA sample, 200 ng were used to synthesize 
cDNA using the High-Capacity cDNA RT kit (Applied Bio- 
systems). The resulting cDNA samples were analyzed with 
qPCR using sequence-specific TaqMan Gene Expression Assays 
(Applied Biosystems) for OCT4 (Hs00999632_gl), NANOG 
(Hs02387400_gl), 50X2 (Hs01053049_sl), c-MYC (Hs00153408_ 
ml), PAX6 (Hs01088112_ml), PITX2 (Hs04234069_mH), BMP4 
(Hs00370078_ml), and FOX1 (Hs01125659_ml). In addition, 
the endpoint samples and the native human corneal epithelium 
were also analyzed with assays for p63 (TP63; Hs00978339_ml), 
CK15 (KRT15; Hs00267032_ml), CK3 (KRT3; Hs00365074_ml), 
and CK12 (KRT12; Hs00165015_ml). All samples and controls 
were run as triplicate reactions with the 7300 Real-Time PCR 
system (Applied Biosystems). Results were analyzed with the 
7300 System SDS Software (Applied Biosystems) and Microsoft 
Excel. Based on the cycle threshold (C T ) values given by the 
software, the relative quantification of each gene was calculated 
by applying the -2 AACt method (Livak and Schmittgen, 2001). 
Results were normalized to GAPDH (Hs99999905_ml), with the 
undifferentiated hiPSCs as the calibrator to determine the relative 
quantities of gene expression in each sample. The analysis was 
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repeated four times for all cell lines at the d4 time point and only 
for HEL24.3 cell line at the endpoint. 

Immunocytochemistry 

Expression of ABCG2, CK3, CK12, CK15, DG-3, Ki67, OCT4, p63, 
and PAX6 was qualitatively analyzed with immunofluorescent 
stainings at the d20 time point. Cells were fixed with 4% paraformal- 
dehyde (Sigma-Aldrich) for 20 min and washed three times with 
PBS. Cell membranes were then permeabilized for 10 min with 
either 0.1% Triton X-100 or 0.5% saponin (both from Sigma- 
Aldrich) in the case of the primary antibody raised against ABCG2. 
Nonspecific binding sites were blocked with 3% BSA (Sigma-Aldrich) 
for 1 hr. Primary antibodies (Table S2) were appropriately diluted in 
0.5% BSA and incubated with the cells for 1 hr at room temperature 
or overnight at +4°C. Primary antibody detection was done with the 
appropriate Alexa Fluor 568 or 488-conjugated secondary anti- 
bodies (Table S2) diluted 1 :800 in 0.5% BSA for 1 hr at room temper- 
ature. Samples were mounted onto object glasses in mounting 
medium containing DAPI (VectaShield; Vector Laboratories) for 
visualization of nuclei. Images of stained cells were captured with 
Olympus 1X51 fluorescence microscope or Zeiss LSM 700 confocal 
microscope (Carl Zeiss) and edited in Adobe PhotoShop. 

Protein expression of the corneal epithelial progenitor marker 
p63 was analyzed and quantified at three time points (10, 20, 
and 30 days in differentiation culture) from cells cultured on 
collagen-IV-coated hanging inserts. Images of stained cells were 
captured with Olympus 1X5 1 fluorescence microscope (Olympus) 
from multiple randomly selected areas. Total cell numbers were 
determined by counting DAPI-stained nuclei, and percentages of 
p63-positive nuclei were consequently quantified. This analysis 
was repeated four times for two hiPSC lines (HEL24.3 and A116), 
with a total of at least 1,000 cells counted for each time point 
and condition. 

Cells of the HEL24.3 cell line cultured on 24-well plates were 
used for quantitative immunofluorescence analysis at the 
endpoint of the study (d44). Cells were rinsed with PBS and 
detached using TrypLE Select (Invitrogen) for 5-10 min at +37°C. 
Cell suspensions were strained through 40 um cell strainers and 
centrifuged at 1,500 rpm for 5 min. Cell pellets were resuspended 
in cold PBS and single-cell suspension volumes adjusted to contain 
50,000 cells/150 ul sample. Cells were then spun onto object 
glasses using the Cellspin II cytocentrifuge (Tharmac), and the 
resulting cytospin samples were used for quantitative analysis of 
key marker expression. Images of multiple randomly selected areas 
were captured with Olympus 1X51 fluorescence microscope. 
Percentages of cells positive for each marker were quantified in 
relation to DAPI-stained cells in three separate biological replicates, 
with a total of at least 1,000 cells counted for each condition. 

Statistical Analysis 

All values are presented as mean of separate biological replicates, 
with error bars depicting SDs. Statistical analysis was carried out 
in the IBM SPSS Statistics Software, using one-way ANOVA for 
cell attachment, and Mann- Whitney U tests for gene expression 
and p63 protein expression data. Data normality was tested using 
Shapiro-Wilk normality test prior to statistical analysis. Results 
were considered significant at p < 0.05. 



SUPPLEMENTAL INFORMATION 

Supplemental Information includes Supplemental Experimental 
Procedures, three figures, and two tables and can be found 
with this article online at http://dx.doi.Org/10.1016/j.stemcr. 
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